In this review we call attention to basic phenomena and physical processes involved in the expansion of a plasma into a vacuum, or the expansion of a plasma into a more tenuous plasma, in particular the fact that upon the expansion, ions are accelerated and reach energies well above their thermal energy. Also, in the process of the expansion a rarefaction wave propagates into the ambient plasma, an ion front moves into the expansion volume, and discontinuities in plasma parameters occtlr. We discuss the physical processes which cause the above phenomena and point toward their possible application for the case of the distribution of ions and electrons (hence plasma potential and electric fields) in the wake region behind artificial and natural obstacles moving supersonically in a rarefied space plasma. To illustrate this, some in situ results are reexamined. Directions for future work in this area via the utilization of the Space Shuttle and laboratory work are also mentioned.
INTRODUCTION
Phenomena involved in the expansion of a plasma into a vacuum, particularly ion acceleration and rarefaction wave propagation, were studied both theoretically and to a lesser extent experimentally in the last decade. Gurevich et al. [ 1966, 1968] were the first to show theoretically that upon the expansion of a plasma into a vacuum, ions are accelerated to high energies. While this physical process was recognized by laboratory plasma physicists, particularly by those working in laser fusion research, it went unnoticed by space geophysicists, even though it may be one of the fundamental processes underlying many phenomena in space plasma physics and astrophysics. Recently, $ingh and Schunk [1982] used computer simulation calculations of the expansion of a plasma into a vaccum and the resulting production of energetic ions in order to study the energization of highlatitude ionospheric ions in the context of the expansion of the polar wind. They indicate that there are potentially important physical processes operative in a plasma expansion that are not taken into account by the existing steady state models of the polar wind.
The distribution of charged particles and potential (electric fields) in the wake behind an obstacle moving supersonically in a collisionless plasma is also an example of an expansion of a plasma into a void (vacuum) or into a more tenuous plasma. $amir and Fontheim [1981] performed a comparative theory-experiment study of the ion and electron distribution in the wakes of the Atmosphere Explorer C and the Explorer 31 satellites. The theoretical model used was based on the Parker [1976, 1977] wake and sheath steady state model. The latter is probably one of the more sophisticated and elaborate numerical models which exist at the present time. Even so, order of magnitude discrepancies between theory and measurement in the very near wake zone were found. The conclusion of that work was that the discrepancies between theory and experiment are due to the use of a steady state theory and a single ion equation using the mean ion mass (see also $amir et al. [1981] ). There can be little doubt that the spatial and temporal evolution of electron and ion velocity and density distributions which take place upon the expansion of a plasma into a vacuum is directly relevant to the filling in of the wake region behind an obstacle moving supersonically in space. It is also possible that the structure (i.e., particle and field spatial and temporal distributions) of the 'dark' or 'antisolar' side region behind Venus, behind our moon, and/or in the wakes of Io and Titan is determined, at least partially, by the basic processes involved in the expansion of a plasma into a vacuum or into another, more tenuous plasma.
Furthermore, investigations relevant to the electrodynamic characteristics of satellites and large space structures may benefit from an examination of the plasma expansion processes in modeling the total current collection [$amir, 1982b ].
With the advent of the Space Shuttle, including its wide range of capabilities, it should be possible to perform controlled experiments of body-plasma interactions in a manner not possible in the pre-Shuttle era. The study of the phenomena and the physical processes involved in the expansion of a plasma into a vacuum follows directly from the study of 'plasma-obstacle' interactions. Details of a new experimental philosophy including general outlines for practical modes of experimental operation required to achieve specific scientific objectives are given by Sarnir and Stone [1980] and Sarnir [1982a] . In addition, it would be very valuable to perform complementary experiments in the laboratory. Such experiments, which would differ from those conducted in laser fusion research, could be made more directly applicable to the expansion processes in space plasmas.
In this paper the basic physical processes and phenomena which characterize the expansion of a variety of plasmas into a vacuum are discussed in section 2. Section 3 follows with a reexamination of some of the available in situ wake data and a discussion of the relevance of laboratory experiments of body-plasma interactions in light of space plasma expansion processes. In section 4 we speculate on possible interpretations of phenomena observed in the interaction between the solar wind and Venus, the solar wind with the earth's moon, and the wake of Titan in terms of phenomena and processes which characterize the plasma expansion into a vacuum. Finally, in section 5 we summarize the present knowledge of the plasma expansion phenomena and processes based on theoretical studies and point toward the required in situ and laboratory simulation experiments needed to examine the present theoretical predictions.
EXPANSION OF A PLASMA INTO A VACUUM: PHYSICAL PROCESSES AND PHENOMENA
In the past decade an extensive effort by plasma physicists working in the area of laser fusion research was devoted to the study of the electric fields and energy and density distributions of particles created by plasma expansion into a vacuum, in particular, the expansion of laser-created plasma from a target pellet. The study was both theoretical and experimental. However, despite the significant achievements already attained, various aspects are still in a rudimentary state of understanding. The theoretical studies include both analytical and numerical methods for a wide range of conditions. The types of plasmas considered include (1) plasmas composed of a single electron temperature and a single ion species (see, for example, Gurevich et al. [1966, 1968] Detailed reviews of studies regarding the plasma expansion into a vacuum are given by Singh and Schunk [1982] , Denavit [1979] , and Gurevich and Pitaevsky [1975] . Hence we restrict the discussion here to basic phenomena and processes and some of the results. The plasma types to be discussed will follow the above order.
We now discuss the expansion processes by considering a semi-infinite plasma held by a diaphragm at its boundary located at x = 0 (see Figure l a) . At a time t = 0 the diaphragm is removed, and the plasma expands into the vacuum. We are interested in the evolution of the velocity and density distributions of the plasma particles filling in the vacuum and the electric field they create. As the expansion begins, the electrons move ahead of the ions because of their greater thermal velocity, and some of the ions are subsequently accelerated by the space charge electric field. A front of plasma, called the 'expansion front,' moves into the vacuum. The density of ions near this front decreases with time. A region of decreased plasma density, a 'rarefaction wave,' moves into the ambient plasma.
Electron inertia in this process can be neglected as long as the ion streaming velocity is less than the electron thermal velocity. The electric field provides continuous acceleration, although its magnitude decreases with time. As a result, the ions from the ambient (source) plasma that move to replace the ions that move into the vacuum region are exposed to a lower electric field and thus will not reach the velocity of the ions that were initially near the t = 0 plasma-vacuum interface. Indeed, it is the ions originally near this interface that attain the highest velocities.
The electron expansion can be treated as isothermal. Denavit [ 1979] showed that the assumptions of an isothermal electron expansion and the neglect of electron inertia are correct to order (ZMe/Mi) 1/2, where Z is ion charge, Me is electron mass, and Mi is ion mass. The source of the ion translational energy is the electron thermal energy. Therefore if the electron gas does not cool, then heat must flow from the ambient plasma to the expansion region. Mora and Pellat [1979] showed that at the rarefaction wave, qe = dEi/dt, where qe is heat flux and Ei is ion energy.
Some characteristic features of the expansion process can be found by solving for the ion dynamics under the assumption of charge neutrality (Ne = ZiNi). Charge neutrality removes the Debye length (as a relevant characteristic length) from the equations. Thus any functional dependence on x or t will be through the combination (x/t). In the pioneering work of Gurevich et al. [1966, 1968] , numerical serf-similar solutions were found using a kinetic approach, i.e., the Vlasov equation for ions (further details are given in the appendix). Comparing the results from the kinetic approach and the results from the cold ion fluid treatment shows that including ion temperature smooths out the weak discontinuity at • = -1 (see Figure lb) and introduces differences in the ion density values in the rarefaction region. As the ion temperature Ti increases, the difference between the two approaches increases. In the expansion region at large • (or large x), changing the Te/T• ratio was shown to introduce small differences between the two approaches. The reason for these small differences is that at large • the ambient ion distribution function evolves to a streaming delta-function-like distribution. The effective ion temperature was found to vary as exp (-2se). Therefore the ion dynamics in the expansion region for large • can be reasonably well described by using the cold ion fluid equations. This is an important physical conclusion, since it specifies a condition (i.e., distance in space) where the fluid solutions based on the cold ion momentum equation (see also appendix) can be applied.
A comparison between studies using the self-similar approach and those using numerical computer simulations, which drop the assumption of charge neutrality and use the potential determined from the Poisson equation, was performed more recently by Denavit [1979] and Singh and Schunk [1982] . In Denavit's [1979] study, both single and double electron temperatures were considered. It was found that the effect of charge separation is to produce (among other local effects) an ion front (sometimes called an 'expansion front'). In the region between the expansion front and the rarefaction wave some of the general predictions of the self-similar theories are applicable. In other words, in this region the numerical solutions are in accord with those obtained by the self-similar approach. As mentioned earlier, a simple way to describe the range of applicability (say, in x or t) of the self-similar solution vis-h-vis the solutions The case of an expansion of a dense plasma into a more tenuous plasma was also treated by Gurevich et al. [1968] and Gurevich and Pitaevsky [ 1975] . The boundary condition imposed by the second plasma population existing at t = 0 for x > 0 (see Figure la) adds to the variety of phenomena that occurs in the expansion process. Limited acceleration of ions is a feature of this physical situation. Depending on the properties of the second plasma population, there can be trapping of ions in potential wells, excitation of a two-stream electrostatic instability, and jump discontinuities or shock waves occurring when the two plasmas have highly dissimilar ion temperatures [Gurevich and Meshcherkin, 1981b] . These jump discontinuities imply the existence of charged sheets moving with constant velocity.
In describing the expansion of a plasma consisting of one ionic species and two electron temperatures we consider the case where the ambient density of the colder electron to the Debye length, and on the density gradient at the plasma-vacuum interface.
PLASMA EXPANSION INTO A VACUUM: THE CASE OF PLASMA WAKES
As mentioned in the introduction, the processes and phenomena involved in the expansion of the plasma are of interest to space and cosmic plasmas research, e.g., flow of plasma out of stars, solar physics (flares), and flow interactions with artificial 'obstacles' orbiting the earth and planets as well as flow interactions with planets and their natural satellites. Even so, this subject went unnoticed by most of the space physics community.
It should be noted that the expansion phenomena and physical processes can be adequately examined via the analysis of the density and energy distributions of electrons, ions, and potentials (or electric fields) in the wake region behind 'artificial obstacles.' For example, the mechanisms responsible for ion acceleration can be studied using spacecraft or 'test bodies' orbiting in the terrestrial (or planetary) environment, as well as in laboratory experiments.
The Expansion: An Ion Acceleration Mechanism
In the brief discussion given below we show some theoretical results for ion acceleration which in situ and laboratory experiments should attempt to examine. , and others discussed the excitation of ion plasma waves, ion acoustic instability, two-stream instability, strong or 'jump' discontinuities on the ion expansion front, and the dependence of some of the phenomena on the initial density gradient between the plasma and the vacuum. The overall situation is complicated, and no in-depth analysis will be given here. However, the excitation of ion plasma oscillations caused by the Figure 8 . The authors speculated that this enhancement is probably due to a heat transfer process which takes place through wave-particle interactions in the potential 'well' which exists in the wake behind the satellite and/or to instabilities. Troy et al. [1975] analyzed in situ measurements from another probe mounted on the same satellite. They confirmed the earlier finding that there exists an electron temperature enhancement in the very near wake region and that the enhancement is not due to some instru- In summary, we note that while the amount of presently available in situ information regarding the expansion of a plasma into a vacuum through satellite wake studies is meager, fragmentary, and limited, some results obtained in the past through the parametric analysis of the amount of current depletion in the near wake, electron temperature enhancement in the wake, etc., seem to be in accord with theoretical predictions. from the wake axis and into the ambient plasma stream, A W, was determined. As seen in Figure 12 , the variation of A W(S/Ro) is a linear function of Z/Ro, which shows that the leading edge of the rarefaction wave propagates into the ambient plasma stream at the ion acoustic speed. This result is in agreement with an earlier theoretical treatment of bodyplasma electrodynamic interactions by Martin [1974] . The data in Figure 12 were obtained for several different test body geometries and for a wide variety of applied test body potentials. The fact that the data from all of these cases fall on the same line shows that the rarefaction wave is not affected by body geometry or by the applied body potential. It is apparently dependent only on the characteristics of the plasma stream and is generated by plasma moving into the void region swept out by the test body. This is analogous to the theoretical case treated by Gurevich et al. [1966, 1970] , where a plasma occupying a half space was released at time to and allowed to expand into the vacuum of the remaining half space. In experimental studies of the type conducted by Stone et al. [1978] the plasma density gradient is created at time to by the motion of the test body through the plasma, and at all subsequent times the ambient plasma expands into the void left in the wake of the test body. Since in the reference frame of the test body the rarefaction wave propagates away from the wake axis at the ion acoustic deal with cases where Ro (--Ro/ho) >> 1, which may be of greater relevance to space applications. However, laboratory studies have shown the creation of a rarefaction wave which propagates at the ion acoustic velocity, as predicted by theoretical treatments of plasma expansion, and clearly, specialized experiments can be designed to study aspects of the ion acceleration process and the theoretically predicted strong discontinuities and oscillations. Venus Orbiter during the first series of orbits that intersected the planet's wake in the region 8-12 Rv (Rv is the Venusian radius) downstream behind the planet. Their results, contrary to those of Venera 9 and 10, do not point toward a welldefined plasma cavity which narrows with increasing distance from the planet and which terminates at -<3-4 Rv. Overall they find the wake region to vary strongly in space and time and to display turbulence. They also discuss the energy spectra (intensity and shift) for H+-O + in the wake and the origin of the O + ions.
Samir and Wrenn [1972] through their analysis of the angular distribution of electron temperature Te around the Explorer 31 satellite found that Te(wake) > Te(ambient). This is shown in

About the Relevance of Some
THE EXPANSION OF
We suggest that in addition to the interpretations given by Mihalov and Barnes [ 1982] it might be useful to examine the energy and shift of the particle spectra in terms of phenomena (particularly acceleration mechanisms, instabilities, and wave-particle interactions) involved in the expansion of a plasma into a vacuum for the case of a two-ion plasma with one and/or two electron distributions discussed in section 2.
One possible explanation of the existence of O + in the
Venusian wake is that the neutral oxygen which extends above the ionopause on the dayside is being ionized by photoemission and charge exchange processes and then convected down the Venusian tail. Mihalov and Barnes [ 1982] state that such an explanation is in accord with plasma measurements in the region near the planet and in the wake.
However, they state that the thermal speed of these O + ions is much smaller than the magnetosheath flow speed. Although a possible explanation of the latter was given in terms of a cooling process, it is not impossible that the O + ions in the Venusian wake are caused by the plasma expansion processes discussed in this paper. Recently, Intriligator and Scarf [1982] compared particle and wave measurements in the Venusian ionosheath. They found continuously changing ion distributions and corresponding enhanced plasma wave activity. They also found ion acoustic waves generated by plasma instabilities associated with the changing plasma distributions and predict rarefaction and compression of the ionosheath. The observed enhancements in plasma waves were related to interpenetrating ion beams. More details regarding the ion population in the Venusian wake (at 11.5 Rv) are given by . A point of interest here is the statement by Intriligator and Scarf [ 1982] 
A Few Comments Regarding the Wake of Titan
It is difficult at present to comment meaningfully on the direct application of our discussion to the case of Titan's wake. However, speculations pointing toward additional directions of thought in interpreting this part of the Voyager 1 fly-by observations may not be unwarranted. As mentioned recently by Gurnett et al. [1982] , Titan can interact either with the magnetosphere of Saturn or with the solar wind depending on its orbital position and the position of the magnetopause. If the interaction is with Saturn's magnetosphere, then the flow regime for the interaction is qualitatively similar to that of an artificial satellite moving in the terrestrial ionosphere/magnetosphere. On the other hand, differences between these cases are due to plasma corotation and to the fact that Titan has a substantial atmosphere. In this respect there is a similarity with the interaction of Venus with the solar wind or, to a lesser degree, the interaction of a comet with the solar wind. However, it may be possible to consider aspects of our discussion in the interpretation of the wave experiment measurements [Gurnett et al., 1982] for the 'low-frequency noise.' It is also possible that the question of the 'slow-mode shock' mentioned by Gurnett et al [1982] in the context of the low-frequency noise is a signature of a 'propagating wave' or a 'trailing shock. ' It is tempting to speculate that the structure of the electron density observed on the edges of Titan's wake is of the kind known to occur in satellite-ionosphere interactions [Henderson and Samir, 1967] . At present, nothing more definitive can be said. However, if and when more in situ and laboratory measurements relating to body-plasma interactions become available, it would be possible to support or oppose the above speculation.
A Few Comments Regarding the Lunar Wake
Another kind of body-plasma interaction which takes place in the solar system is that of the solar wind with the moon. The moon has neither an intrinsic magnetic field nor an atmosphere. Hence the solar wind interacts essentially with the surface. In the present study, seeking 'model unification' for some wake structure in terms of phenomena typical of the expansion of a plasma into a vacuum, we examined some of the moon's experimental wake results [e.g., Lyon et We believe that an in-depth reexamination of available lunar wake measurements (particles and fields) is worthwhile, particularly in light of the basic phenomena and processes involved in the expansion of the solar wind into the lunar wake ('dark side'). The results from such a study may undoubtedly help in the understanding of plasma-body interactions in space plasma physics.
SUMMARY AND FUTURE STUDIES
The fact that phenomena such as ion acceleration, excitation of plasma oscillations, propagation of rarefaction waves and ion fronts, creation of strong and weak discontinuities in the plasma parameters, plasma instabilities, and turbulence are all caused by processes involved in the expansion of a plasma into a vacuum makes this area of plasma physics very interesting but quite difficult to study. However, we are dealing with processes and phenomena which are of funda-mental scientific interest with relevant applications to both laser fusion and space plasma research. This was recognized by laser fusion researchers, and an extensive effort, both theoretical and experimental (but mainly theoretical), has been devoted to this area in the past decade. Unfortunately, the importance of the complex of phenomena and physical processes involved in the expansion of space plasmas into a vacuum, particularly to solar system plasma phenomena, and the possibility of studying them via the interactions of space plasmas with natural and artificial 'obstacles' in space went almost unnoticed by the space geophysics community.
While the existence of rarefaction waves and possible trailing shocks was discussed in the context of the lunar wake and, to a lesser extent, in the context of the Venusian wake, there was no overall comprehensive and systematic study or discussion along the general lines shown in summary in Figure 14 .
We hope that the discussion given in this review will be seen as a step toward a unified approach in dealing with the interaction between an obstacle and a space plasma, particularly the extremely complicated wake region. Specific practical situations may require variability in the significance and intensity of specific processes, but there are undoubtedly basic processes and permanent features which are relevant to a wide range of interactions.
Even the state of in situ investigations of the basic processes relevant to space plasma physics for the practical case of spacecraft-ionosphere interactions is still not well understood. An in-depth, comprehensive reexamination of measurements from spacecraft-ionosphere, solar windmoon, and solar wind-Venus interactions, together with relevant available results from laboratory studies, should constitute a first stage aimed toward a unified approach to the understanding of plasma-obstacle interactions in space plasma research. The structure of the wake, the more complicated region of the interaction, could be largely understood through the phenomena and processes of the expansion of a plasma into a vacuum.
While the above reexamination is essential, it will not suffice for gaining an overall knowledge and understanding of the spatial and temporal structure of the wake region of the interaction. More in situ and laboratory experiments supported by computer simulations and semianalytic, semiquantitative theoretical work will be needed.
Measurements directly relevant to the study of the expansion of a plasma into a vacuum can be performed partly in laboratory simulation studies and via in situ measurements utilizing the Space Shuttle. It would be very valuable to conduct laboratory experiments (different from those oriented toward laser fusion research) suitable as much as possible to realistic situations met in space plasma physics. This can be done through the study of wakes. Although it is often difficult to generate, in the laboratory, synthetic plasmas and conditions which are exactly identical to those which exist in space, it may not always be essential to do so. This depends on the scientific objectives of the study. If the major objective is to seek physical understanding of processes and cause and effect relationships, then there may be no need to seek exact scaling between laboratory and space. There can be no doubt that laboratory studies are of scientific importance and have potential applications to space plasma physics. From our present physical understanding, it is possible to speculate that some features observed in the wakes of The common belief that the exact Vlasov scaling laws have to be adhered to if we are to reflect from laboratory work to space is not necessarily applicable. The availability of the Space Shuttle and its extensive capabilities make it possible to study the expansion of a plasma in situ through a series of well-conceived controlled experiments. To achieve this goal, relatively small instrument packages (i.e., simple small satellites) could be ejected from the Space Shuttle to measure the rarefaction waves, converging streams, energy spectrum of ions, and the variety of discontinuities in the plasma properties which occur in the interface between the ambient plasma and the plasma in the wake. The wake into which the plasma expands would be generated by 'test bodies' such as inflatable balloons, tethered spheres, and spheres and/or cylinders mounted on booms. The test bodies can have different surface properties 
